INTRODUCTION
Adherens junctions (AJs) are multiprotein complexes that include classical cadherins, the adhesive component of the AJ, and α-catenin (α-cat) and β-catenin (β-cat). β-cat binds to the cadherin cytoplasmic domain and provides a connection to the actin cytoskeleton by interacting dynamically with α-cat (Nelson, 2008) . In addition to mediating cell-cell adhesion, AJs are required for the establishment of apicobasal polarity because they set up spatial cues for signaling complexes that enable apical domain formation (Niessen and Gottardi, 2008) . Thus deletion of any of the core components of AJs results in loss of both cell-cell adhesion and polarity (Niessen and Gottardi, 2008) . Cadherins and catenins are also known to influence cell proliferation during embryonic development and cancer progression (Vasioukhin et al., 2001; Machon et al., 2003; Zechner et al., 2003; Kobielak and Fuchs, 2006; Perrais et al., 2007; Benjamin and Nelson, 2008; Grigoryan et al., 2008; Jeanes et al., 2008) ; however, it remains controversial whether these proteins function together (in the context of AJs) or independently of one another, as they are known to associate with multiple signaling partners (Clevers, 2006; Scott and Yap, 2006; Benjamin and Nelson, 2008; Jeanes et al., 2008; Lien et al., 2008b) . For example, E-cadherin can inhibit or modulate growth factor signaling through its functional interaction with the epidermal growth factor receptor (Jeanes et al., 2008) . β-cat functions as the downstream effector of the Wnt signaling pathway, in addition to being an AJ component (Clevers, 2006) . Increasing evidence also suggests that α-cat regulates proliferation, trafficking, and actin dynamics independently of cadherins (Scott and Yap, 2006; Benjamin and Nelson, 2008; Lien et al., 2008a Lien et al., , 2008b Tinkle et al., 2008; Benjamin et al., 2010) . As with other aspects of cadherin-based adhesion, the mechanisms by which cadherins and catenins control cell proliferation are likely to be contextspecific.
In the neural tube, deletion of β-cat results in withdrawal of progenitors from the cell cycle (Machon et al., 2003; Zechner et al., served an increase in the mitotic index at the 12-13 somites (som) stage that was sustained at later developmental stages ( Figure 1, A  and B) , with the exception of 24 h postfertilization (hpf) when it is in fact slightly reduced (0.7-fold). This reduction may be the consequence of early symmetric divisions (Lyons et al., 2003) , producing mitotic progenitors rather than postmitotic neurons and resulting in a 1.6-fold increase in the total cell number by 24 hpf (Supplemental Figure S1 ). An increase in cell division is also observed in N-cad R210 mutants, N-cad morpholino (MO)-injected embryos (unpublished data), and EGTA (disruptor of calcium-dependent cell-cell adhesion)treated embryos ( Figure 1C ). These findings confirm that the increase in cell division in N-cad mutants occurs at the 12-13 som stage, as previously reported (Lele et al., 2002) ; however, we demonstrate that enhanced cell division is sustained at later stages of development.
In the zebrafish neural tube, N-cad is distributed throughout the plasma membrane during neurulation and becomes enriched in AJs upon neural tube closure (Geldmacher-Voss et al., 2003; Hong and Brewster, 2006) . This dynamic shift in localization raises the question of whether N-cad regulates cell proliferation as an AJ component. In support of this model, the developmental stage (12-13 som) at which the increase in mitosis is first observed coincides with the onset of AJ formation in wild-type (WT) embryos (Geldmacher-Voss et al., 2003; Hong and Brewster, 2006) . To further investigate a connection with AJs, we quantified the percentage of mitotic cells in dorsal versus ventral regions of the neural tube, as it was previously shown that AJs are absent only in dorsal regions of N-cad mutants (Lele et al., 2002; Hong and Brewster, 2006) . We found that the 2003), whereas overexpression of a stable form of β-cat triggers expansion of the precursor population (Chenn and Walsh, 2002) . In contrast, it is deletion of α-E-cat in neural progenitors that causes brain hyperplasia. The latter phenotype is mediated by up-regulation of Hedgehog (Hh) signaling, although the underlying mechanism is not well understood (Lien et al., 2006) . While the α-E-cat phenotype is consistent with a role for AJs in regulating proliferation in the brain, there is a lack of evidence that cadherins themselves are implicated in the control of cell division. A conditional knockout of N-cad, a member of the classical cadherin subfamily expressed prominently in the neural tissue (Hatta and Takeichi, 1986; Radice et al., 1997; Harrington et al., 2007) , revealed that internal structures of the cerebral cortex are disorganized, but a cell proliferation defect was not reported in these mice (Kadowaki et al., 2007) . In KIF3 mouse knockouts, in which N-cad localization is abnormal, enhanced proliferation of neural progenitor cells is observed (Teng et al., 2005) ; however, this evidence is indirect as kinesin is required for the proper localization of multiple proteins. In zebrafish N-cad mutants, cell proliferation is enhanced in the hindbrain region, although this increase was reported to be transient (Lele et al., 2002) . We reinvestigate here the role of zebrafish N-cad in controlling cell proliferation in the neural tube and reveal striking similarities with the α-E-cat loss-of-function phenotype.
RESULTS

Dorsal neural progenitors hyperproliferate in N-cad mutants
To gain further insight into the role of zebrafish N-cad, we quantified mitotic indices in the hindbrain of N-cad p79emcf mutants and ob-FIGURE 1: Cell proliferation is increased in N-cad mutants. All panels in this figure and subsequent figures show representative images of cross-sections through the hindbrain region of the indicated genotype. Images are oriented dorsal to the top. (A) WT and N-cad p79emcf embryos labeled with anti-Sox3C (neural progenitor marker, pink), anti-PH3 (mitotic marker, green), and DAPI (nuclear marker, blue) at 8 som, 16 som, and 30 hpf. (B) Quantification of mitotic indices in WT and N-cad p79emcf mutants at different stages of development. Mitotic indices were quantified as the ratio of mitotic cells (PH3-positive) to the total number of progenitors (Sox3C-positive). Statistical significance was assessed using the logistic regression analysis (SAS system), and p values are 0.002 (8 som), 0.003 (12 som), 0.0001 (16 som), 0.0001 (24 hpf), 0.03 (36 hpf), 0.0042 (42 hpf anterior), and 0.021 (42 hpf posterior). (C) Untreated control and EGTAtreated embryos labeled with phalloidin and anti-PH3. Scale bar = 20 μm.
To determine whether cell-cycle exit may also be altered in N-cad p79emcf mutants, we exposed embryos to a pulse of BrdU at 12 som and scored the percentage of BrdUpositive cells that exited the cell cycle, and hence were either Sox3C-negative or HuCpositive (HuC is a neuronal marker; Pascale et al., 2008) , by 36 hpf. We reasoned that a decrease in cell-cycle exit would result in a lower fraction of BrdU-positive and Sox3Cnegative or BrdU-positive and HuC-positive cells in the hindbrain region. We found no difference in cell-cycle withdrawal between WT and N-cad p79emcf mutants labeled with BrdU and anti-Sox3C ( Figure 2B ; 96.8% for mutants vs. 92.6% for WT, p = 0.07) or with BrdU and anti-HuC (unpublished data). These findings indicate that cell-cycle length rather than cell-cycle exit is altered in N-cad mutants.
Cell-cycle exit and differentiation appear uncoupled in N-cad mutants
Although differentiation is not impaired, we and others have shown that the distribution of neurons and mitotic, Phospho Histone3 (PH3)-positive, cells in the hindbrain is abnormal in N-cad mutants, as differentiated cells are found adjacent to mitotic precursors (Kadowaki et al., 2007; Chalasani and Brewster, 2010) . Interestingly, further analysis of embryos double-labeled with anti-PH3 and anti-HuC or the HuC-Kaede transgene (Sato et al., 2006) revealed that a small but significant percentage of cells coexpressed both markers in N-cad p79emcf mutants or MO-injected embryos ( Figure 3 , A and C). Since this observation contradicts the commonly held view that cells need to exit the cell cycle to differentiate , we investigated whether mitotic cells that are HuC-positive express other markers indicative of neuronal differentiation. We immunolabeled 48 hpf embryos from the HuC-Kaede transgenic line with anti-PH3 and anti-Acetylated-Tubulin (Ace-Tub; an axonal microtubule marker) and observed that many HuC-positive mitotic cells in N-cad p79emcf mutants appear to extend axonal processes ( Figure 3B ). These observations suggest that cadherins are required to couple cell-cycle exit and differentiation in the neural tube. The presence of mitotic, HuC-positive neurons does not contradict the finding that cell-cycle withdrawal appears normal in 36 hpf mutants. Indeed, it is unclear whether cell-cycle withdrawal is normal at 48 hpf when most mitotic neurons are observed. Furthermore, mitotic neurons represent such a small fraction of the total number of dividing cells (7% of all PH3positive cells at 48 hpf) that their presence is unlikely to cause a noticeable change in the rate of cell-cycle withdrawal, irrespective of the developmental stage at which the cell cycle was analyzed.
Hyperproliferation in N-cad mutants is mediated by Hh signaling
Hyperproliferation in N-cad mutants is likely to be caused by deregulation of a signaling pathway that promotes neural progenitor division. A likely candidate pathway is canonical Wnt signaling that increase in mitosis is indeed highest in dorsal regions (71% of all mitotic cells in N-cad mutants are dorsally restricted at 12 som). Surprisingly, hyperproliferation is also dorsally restricted in EGTA-treated embryos in which AJs are disrupted throughout the entire neural tube ( Figure 1C ). These observations suggest that N-cad is likely to function as an AJ component in repressing cell proliferation, but this function is confined to dorsal regions.
Cell-cycle length is shortened in N-cad mutants
At the cellular level, increase in cell proliferation is typically caused by a decrease in cell-cycle exit or by a shortening of cell-cycle length.
To determine whether cell-cycle length is reduced in N-cad p79emcf mutants, we scored, in 36 hpf embryos, the ratio of Sox3C (a neural progenitor marker)-positive cells labeled by a pulse of bromodeoxyuridine (BrdU). If the cell cycle is shortened, then there is a higher probability that progenitors would be in the S phase of the cell cycle and thus labeled with BrdU. Therefore the ratio of Sox3C-BrdU double-positive cells to the total number of Sox3C-positive cells would be higher for mutants than for WT. We indeed observed a significant increase in the ratio of these double-positive cells in Ncad p79emcf mutants beginning at the 14 som stage (0.318 in WT and 0.424 in N-cad mutants, p = 0.00037) and extending to 16 som ( Figure 2A ).
FIGURE 2: Cell-cycle length but not cell-cycle exit is decreased in N-cad mutants. (A) WT and N-cad p79emcf embryos were exposed to a short pulse of BrdU at 16 som and labeled with anti-BrdU (red), anti-Sox3C (green), and DAPI (blue). The boxes indicate area shown in single channels in bottom panels. Yellow arrows point to mitotic progenitors. (B) WT and N-cad p79emcf embryos exposed to a short pulse of BrdU at 12 som, fixed at 36 hpf, and labeled with anti-BrdU (red), anti-Sox3C (green), and DAPI (blue). Boxes indicate the area that was magnified 2.6-fold in bottom panels. White arrows point to BrdU-positive cells that have exited the cell cycle. Scale bar = 20 μm. this pathway. We observed an expansion of ptc1 and gli1 expression in dorsal regions of the neural tube in N-cad-depleted embryos compared with controls ( Figure 4A , circled areas). The expanded area of ptc1 and gli1 expression correlates with the region in which we observe increased cell division in N-cad mutants ( Figure 1A ). In contrast, shh and gli2 RNA expression is unchanged, suggesting that it is the range of Hh signaling that it is expanded. To test whether up-regulation of Hh signaling may be the cause for hyperproliferation in N-cad mutants, we blocked Smoothened (Smo), the membrane protein that mediates Hh signaling, using the drug cyclopamine (Chen et al., 2002) and scored mitotic indices in WT and N-cad R2.10 mutants (Figure 4 , B and C). We found that treatment of WT embryos with cyclopamine had no effect on mitotic indices (Figure 4C) , indicating that Hh does not promote cell proliferation, at least at 16 som. In contrast, treatment of N-cad R2.10 mutants with cyclopamine effectively reduced hyperproliferation ( Figure 4C ). A reduction in hyperproliferation was also observed in N-cad R2.10 mutants that received injections of gli1 and gli2 MOs, confirming that expanded Hh signaling is the underlying cause for enhanced cell division in N-cad mutants ( Figure 5, A and B) .
Dorsal expansion of Hh signaling in N-cad-depleted embryos could be explained by broader ligand diffusion, due to loss of cellcell adhesion (Lele et al., 2002) , or by a ligand-independent activation of the pathway. To distinguish between these possibilities, we has been shown to regulate cell proliferation in the brain (Chenn and Walsh, 2002; Megason and McMahon, 2002; Machon et al., 2003; Zechner et al., 2003; Panhuysen et al., 2004; Alvarez-Medina et al., 2009) , most likely through transcriptional control of cyclin-D1 (Shtutman et al., 1999) , a regulator of the G1/S phase of the cell cycle. Classical cadherins can act as a "sink" for Wnt/β-cat signaling by sequestering β-cat at the membrane, away from this signaling pathway (Jeanes et al., 2008) . To address whether Wnt signaling is enhanced in dorsal regions of the neural tube in N-cad mutants, we analyzed the expression of two Wnt downstream targets, cyclin-D1 and axin2, but we did not observe overexpression of either of these markers in the neural tube (unpublished data).
We next investigated whether ectopic Hh signaling may underlie hyperproliferation in N-cad mutants, as several studies have reported that Hh promotes neural progenitor division (Jeong and McMahon, 2005; Cayuso et al., 2006; Locker et al., 2006; Alvarez-Medina et al., 2009 ). Furthermore, disruption of α-E-cat causes hyperproliferation in the mouse brain, mediated by the Hh pathway (Lien et al., 2006) . To determine whether Hh signaling is up-regulated in N-cad mutants, we analyzed mRNA expression of sonic hedgehog (shh) and downstream signaling components patched1 (ptc1), gli1, and gli2a in 16 som WT and Ncad MO-injected embryos. ptc1 and gli1 are transcriptional targets of Hh signaling (Chen and Struhl, 1996; Lee et al., 1997) in addition to being mediators of in which cilia length is reduced (Caspary et al., 2007) . It is therefore possible that the cilia defects in N-cad mutants contribute to increased Hh signaling and proliferation in these embryos.
Because enhanced Hh signaling appears to underlie hyperproliferation in N-cad mutants, we next tested whether overexpression of shh mRNA is sufficient to cause hyperproliferation of neural progenitors in the zebrafish embryo. We observed a twofold increase in the mitotic index of 16 som shh injected versus control embryos (0.069 for controls vs. 0.15 for injected, n = 5 embryos, p = 0.0002), confirming a promitotic role for shh ( Figure 7, A and B ). We also investigated whether shh is responsible for uncoupling cell-cycle exit and differentiation in N-cad mutants, by scoring shh-injected embryos for the presence of mitotic neurons. In contrast to N-cad mutants ( Figure 3A ), PH3 and HuC double-positive cells were not observed in shh-injected embryos (unpublished data), suggesting a different signaling mechanism.
Hh signaling promotes AJ assembly
The ectopic expression of Hh pathway targets in N-cad mutants and the rescue of hyperproliferation observed in embryos impaired in Hh signaling suggest that this pathway is regulated downstream of AJs. However, it has been reported that shh promotes cell adhesion in the mouse neural tube (Jarov et al., 2003; Fournier-Thibault et al., 2009 ), suggesting that the interaction between cell adhesion/polarity tested whether MO depletion of shh and tiggywinkle hedgehog (twhh) in N-cad R2.10 mutants can prevent hyperproliferation. We found that the mitotic indices for control (uninjected) N-cad R2.10 mutants are similar to the values for shh/twhh MO-depleted N-cad R2.10 mutants and that both values are significantly higher than those for WT controls ( Figure 5 , A and B), indicating that rescue did not take place. In contrast, blocking Hh signaling downstream of the ligand (using gli1/gli2 MOs) rescues the hyperproliferation phenotype (Figure 5, A and B) . Together, these findings suggest that Smo is either activated independently of Hh or transduces the Hh signal more effectively in N-cad-depleted embryos.
We next asked whether defective cilia could account for ligandindependent activation of Hh signaling in N-cad mutants, as cilia are essential processing sites for Hh signal transduction in vertebrates (Eggenschwiler and Anderson, 2007; Huang and Schier, 2009; Kim et al., 2010; Wilson and Stainier, 2010) . To image cilia, we immunolabeled 16 som embryos with anti-Ace-Tub (a cilia marker also associated with axons) and anti-γ-Tub (a basal body marker). We observed that, in N-cad R2.10 mutants, these organelles are present; however, they are 0.7-fold shorter than in WT embryos ( Figure 6, A  and B ). Defective ciliogenesis in zebrafish iguana mutants is linked to improper Hh signaling (Kim et al., 2010; Wilson and Stainier, 2010) . Furthermore, ligand independent, constitutive activation of low levels of Gli activators has been reported in arl13b mutant mice Scale bar = 20 μm. (C) Mitotic indices in WT and N-cad R2.10 embryos treated with cyclopamine. Indices were quantified as the ratio between mitotic cells and total number of progenitors. Statistical significance was assessed using Student's t test; p = 0.0047 between WT and N-cad controls; p = 0.0066 between N-cad control and cyclopamine-treated embryos.
of proliferation defects in N-cad mutants depleted for Hh signaling occurs despite proper polarization. Since all apical markers tested are reduced in cyclopamine-treated embryos, Hh is likely to control an early event in cell polarization, possibly the assembly of AJs (Niessen and Gottardi, 2008) .
DISCUSSION
We demonstrate here that loss of N-cad function in zebrafish embryos results in hyperproliferation in the dorsal region of the neural tube, mediated by ectopic Hh signaling. These findings suggest that N-cad is normally required to restrict the proliferation of dorsal progenitors, thereby maintaining a steady state of division in the neural tube. Hyperproliferation in N-cad mutants appears to be caused by a loss of AJs, as the onset of the phenotype coincides with the timing when these junctional complexes are normally assembled in WT embryos. In addition, the region where AJs are disrupted overlaps with the area where enhanced cell proliferation is observed.
Several studies have demonstrated that α-cat (Lien et al., 2006) and β-cat (Chenn and Walsh, 2002; Machon et al., 2003; Zechner et al., 2003) also regulate cell proliferation in the brain. These catenins are known to have cadherin-independent roles in signaling, raising the question of whether they function in the context of AJs to control cell-cycle progression. It is possible, for instance, that catenins function strictly in an adhesion-independent manner to regulate the cell cycle. In this scenario, the hyperproliferation observed in N-cad mutants may merely be caused by a change in the subcellular distribution of one of these proteins (due to disruption of AJs), which in turn activates a cateninmediated signaling event (Jeanes et al., 2008; Lien et al., 2008b) . However, we provide several pieces of evidence suggesting that cadherin-dependent properties of catenins are indeed required, at least in part, to restrict cell proliferation in the brain. With regard to β-cat-mediated signaling, we have found that Wnt downstream targets, cyclin-D1 and axin2, are not up-regulated in N-cad mutants. As for α-E-cat, its loss rather than gain of function causes hyperproliferation (Lien et al., 2006) , arguing against deregulation of α-catmediated signaling as the underlying cause for enhanced division in N-cad mutants.
Disruption of AJs in N-cad mutants results in a substantial loss of cell-cell adhesion and apicobasal polarity in the neural tube. It is therefore possible that a general perturbation in tissue integrity contributes to hyperproliferation in N-cad mutants. The loss-offunction phenotype of the cell polarity regulator Lgl1 argues against this possibility, however. Tissue integrity is also severely compromised in lgl1 mutants but it is deregulation of Notch rather than Hh signaling that is thought to contribute to hyperproliferation in these embryos (Vasioukhin, 2006) . The specificity of the lgl1 and N-cad loss-of-function phenotypes suggests that cell polarity regulators interact with specific signaling pathways implicated in cell-cycle control and consequently that their loss of function causes hyperproliferation for different reasons. Another piece of evidence suggesting that impaired tissue integrity is not the regulators and the Hh pathway may not be strictly linear. To determine whether Hh signaling regulates the assembly or localization of junctional complexes in the zebrafish neural tube, we analyzed the expression of junctional markers F-actin (a marker for cortical actin enriched in AJs), Z0-1 (a tight junction marker), and atypical protein kinase C (aPKC) (an apical marker) in WT embryos exposed to cyclopamine. In 16 som control-untreated embryos, these markers are localized along the midline of the neural tube where AJs form, indicative of apicobasal polarity. In contrast, these markers appear discontinuous in dorsal regions of cyclopamine-treated embryos ( Figure 8A ; n = 3 of 4 embryos). At 36 hpf, apical markers remain reduced in cyclopamine-treated embryos ( Figure 8B ; n = 5 of 5 embryos), suggesting that there is a blockage rather than a delay in cell polarization. In addition, the neural tube is significantly smaller than that of untreated controls, possibly as a consequence of decreased cell proliferation (occurring after 16 som) and/or apoptosis. To confirm the lack of polarization in cyclopamine-treated embryos, we analyzed other hallmarks of apicobasal polarity in the zebrafish neural tube, namely, the ability of nuclei to align on either side of the midline at the neural rod stage (asterisks in Figure 8A ) and the presence of a neurocoele at 36 hpf (asterisks in Figure 8B ; Munson et al., 2008) . Analysis of these markers in cyclopamine-treated embryos revealed that nuclei straddle the dorsal midline at 16 som (arrowhead in Figure  8A ; n = 4 of 4 embryos) and that the neurocoele is absent at 36 hpf ( Figure 8B ; n = 5 of 5 embryos). The cell adhesion/polarity defects observed in cyclopamine-treated embryos are overall similar to those reported for pard6γb mutants in which apicobasal polarity is disrupted (Munson et al., 2008) . These findings reveal that disruption of Hh signaling prevents junctional complex assembly and apicobasal polarity in dorsal regions of the neural tube, indicating that the rescue R2.10 uninjected controls, and embryos injected with shh/twhh MO or gli1/gli2 MO. Indices were quantified as the ratio between mitotic cells and the total number of progenitors. Statistical significance was assessed using a Student's t test; p = 0.001 between WT and N-cad mutant; p = 0.8 between N-cad mutant and N-cad shh/twhh MOinjected embryos; p = 0.0001 between N-cad control and N-cad gli1/gli2 MO-injected embryos.
Misexpression of Hh targets in N-cad and α-E-cat mutants suggests that AJs normally restrict the activity of the Hh pathway in dorsal regions of the neural tube. The exact role of N-cad in this process is likely to be indirect, as cadherins themselves do not function as signaling molecules. We demonstrate that the molecular mechanism underlying ectopic activation of Hh signaling in N-cad mutants is ligand-independent, because blockage of Smo with cyclopamine or treatment with gli1 and gli2 MO rescues the hyperproliferation phenotype in N-cad mutants, but depletion of Twhh and Shh does not. We further speculate that deregulation of the Hh pathway in N-cad mutants may be linked to abnormal cilia, organelles known to function as important processing centers for Hh signaling in mammals (Eggenschwiler and Anderson, 2007) as well as zebrafish (Huang and Schier, 2009; Kim et al., 2010; Wilson and Stainier, 2010 ) . The number and growth of these organelles is strikingly reduced in both dorsal and ventral regions of the neural tube in N-cad mutants. This study is the first, to our knowledge, to establish a link between classical cadherins and ciliogenesis. Other members of the cadherin superfamily, Celsr2 and Celsr3 (Flamingo homologues), are required for ependymal cilia growth (Tissir et al., 2010) . It will therefore be interesting to determine in the future whether different members of the cadherin family function together to promote ciliogenesis.
Early studies have demonstrated that Shh promotes ventral cell fates in the neural tube (Ericson et al., 1997) . Several more recent articles indicate that Shh signaling also underlying cause for enhanced proliferation in N-cad mutants stems from the fact that EGTA treatment, which disrupts adhesion throughout the neural tube, causes enhanced proliferation in the dorsal region of neural tube only ( Figure 1C) . N-cad's role in regulating growth of the neural tube is likely to involve more than control of cell-cycle progression, because we also observe an uncoupling of cell-cycle exit and differentiation in N-cad mutants. Unlike the increase in cell proliferation in N-cad mutants, Hh signaling does not influence the ability of neurons to divide, indicating a Hh-independent role of N-cad in this context. The fact that mitotic neurons are mostly observed at late stages of development in N-Cad mutants (48 hpf) suggests that there is a temporal requirement for N-Cad in coupling cell-cycle exit and differentiation. Another explanation for the late onset of the mitotic neurons phenotype is that N-cad may prevent reentry of neurons into the cell cycle rather than promoting cell differentiation upon cell cycle exit. In this alternative scenario, neural progenitors that exited the cell cycle normally at 36 hpf may be able to reenter the cell cycle at 48 hpf in the absence of N-Cad function. Regardless of the mechanism, the fact that mitotic neurons are observed in N-cad mutants adds to the growing evidence that withdrawal of neural progenitors from the cell cycle and differentiation may in fact be separable events in the nervous system (Firth and Baker, 2005; Sage et al., 2005; Buttitta et al., , 2010 ) that happen to be controlled by the same molecules (Sellers et al., 1998; Chen et al., 2007) .
FIGURE 6: N-cad is required for ciliogenesis. (A) Sections of WT and N-cad R2.10 embryos at 16 som labeled with anti-γ-Tub (basal body marker, red), anti-Ace-Tub (cilia marker, red), and phalloidin (green). The box indicates the region that was magnified twofold in panels to the right. The yellow line delineates the shape of the neural tube and otic vesicles. Arrows indicate individual cilia. Scale bar = 20 μm. (B) Quantification of cilia length in WT and N-cad R2.10 embryos at 16 som, in dorsal and ventral regions. Statistical significance was assessed using the logistic regression analysis (SAS system), p = 0.0007 for dorsal and p = 0.001 for ventral regions. Indices were quantified as the ratio between mitotic cells and the total number of cells. Statistical significance was assessed using a Student's t test, p = 0.0002. neural tube. Thus, there appears to be a reciprocal interaction between AJs and Hh signaling. This feedback loop reveals a putative mechanism by which Hh signaling may limit the range of its own activity. The fact that cell polarization is only disrupted in dorsal regions of cyclopamine-treated embryos suggests that Hh interacts with a spatially restricted signal controlling junctional complex assembly. Together these findings provide several new perspectives on N-cad function in maintaining homeostasis in the neural tube.
MATERIALS AND METHODS
Zebrafish strains and embryo staging
All WT analyses were performed using the AB or TL strain (the latter was used for MO injections). N-cad p79emcf mutants were obtained from M. Granato (Department of Cell and Developmental Biology, University of Pennsylvania), N-cad R2.10 from W. Köster, and HuC-Kaede (Sato et al., 2006) from H. Okamoto (RIKEN, Brain Science Institute). Ncad p79emcf is a missense mutation, resulting in a change from an isoleucine to serine at position 676 in the EC5 domain and is thought to be semidominant (Birely et al., 2005) . N-cad R2.10 is a null allele due to incorrect splicing (Lele et al., 2002) . Embryos were collected at stages ranging from shield to 48 hpf (Kimmel et al., 1995) .
Microinjections
MOs were generated against the translation initiation start site of zebrafish gli1, gli2a, N-cad, shh, and twhh with the following controls neural progenitor proliferation (Jeong and McMahon, 2005; Cayuso et al., 2006; Alvarez-Medina et al., 2009) . Although Hh protein forms a gradient in the neural tube that is highest in ventral regions, Hh signaling is apparently required throughout the entire dorsoventral axis of the chick neural tube to regulate cell-cycle progression (Alvarez-Medina et al., 2009) . In this regard, Shh has been shown to function upstream of Wnt signaling to promote cyclin-D1 expression and the G1/S transition. Shh also controls G2 length by regulating the expression of late cyclins independently of the Wnt pathway (Alvarez-Medina et al., 2009) . The finding that hyperproliferation in N-cad mutants is mediated by ectopic Hh signaling is consistent with the well-documented promitotic activity of Hh signaling. Our data, however, suggest that this pathway is required for cell-cycle progression only at later stages of zebrafish neural tube development. Indeed, cyclopamine treatment does not alter mitotic indices in 16 som embryos but does cause a dramatic reduction in the size of the neural tube at 36 hpf. Taken together, these observations suggest a biphasic requirement for Hh signaling in zebrafish, to specify ventral cell fates in the early neural tube (Ericson et al., 1997) , and to promote cell proliferation at later stages of neural development. Early dorsal progenitors in the zebrafish are apparently responsive to Hh signaling and undergo hyperproliferation when this pathway is abnormally activated in N-cad mutants.
Hh signaling has been shown to promote integrin-based adhesion in the neural tube (Fournier-Thibault et al., 2009) . We provide evidence here that this pathway also controls cell-cell adhesion, through apical junction assembly (including AJs) in the dorsal Cellular and Developmental Biology, University of Colorado, Boulder) at 1:1000, mouse anti-PH3 (Upstate Biotechnology, Lake Placid, NY) at 1:200, rabbit anti-PH3 (Upstate Biotechnology) at 1:200, and mouse anti-BrdU conjugated to Alexa-594 (Molecular Probes, Eugene, OR) at 1:200. Secondary antibodies conjugated to Alexa-488 or Cy3 (Molecular Probes) were used at 1:200. Phalloidin-Alexa-488 (Molecular Probes) was used at 1:75. DAPI (4',6-diamidino-2-phenylindole; Molecular Probes) was used according to the manufacturer's instructions.
Sectioning was performed on fixed embryos that were mounted in 4% low-melting-point agarose (Shelton Scientific, IBI, Shelton, CT) and cut with a thickness of 40 μm using a vibratome (1500 Sectioning System; Vibratome 1500, St. Louis, MO). Sections through the hindbrain region were selected based on the presence of otic vesicles. Labeled sections were imaged with a Zeiss (Thornwood, NY) LSM 510 META or a Leica (Buffalo Grove, IL) SP5 confocal microscope by collecting 1-μm-thick Z-stacks. Sectioned embryos processed for in situ hybridization were imaged using a Zeiss Axioskop.
Analysis of cell-cycle exit
Cell-cycle exit was analyzed by dechorionating 12 som WT embryos and N-cad p79emcf mutants and exposing them to 10 mM BrdU (Sigma) in embryo medium with 15% dimethyl sulfoxide on ice for 20 min. Embryos were then washed 10 times in embryo medium, staged to 36 hpf, and fixed in 4% PFA (for anti-BrdU and anti-Sox3C) or Prefer fix (Anatech, Battle Creek, MI) (for anti-BrdU and anti-HuC). Following fixation, embryos were immunolabeled with anti-BrdU and anti-Sox3C or anti-HuC, sectioned, and imaged. Despite the presence of mitotic neurons in N-cad mutants that are HuC-positive, the use of this marker for cell-cycle exit and differentiation is justifiable because these cells represent a negligible fraction of the total number of mitotic cells.
Analysis of cell-cycle length
Analysis of cell-cycle length was performed on dechorionated 8 som,14 som, and 16 som WT and N-cad p79emcf embryos that were exposed to 10 mM BrdU for 20 min on ice. The embryos were then fixed in 4% PFA, labeled with anti-BrdU and anti-Sox3C, sectioned, and imaged.
Quantification and statistical analysis
All quantifications were performed using Z stacks through 40-μmthick hindbrain sections. Cells were counted using the Zeiss LSM or Leica LAS software and a manual counter, unless otherwise indicated.
Mitotic indices. Mitotic indices were scored in the hindbrain regions using embryos labeled with anti-Sox3C and anti-PH3. Mitotic indices in WT and N-cad mutants were scored using three embryos (three sections per embryo) at 8 som, 30 hpf, and 42 hpf, and six embryos (three sections per embryo) at 12 som and 16 som. Mitotic indices for rescue attempts with cyclopamine, shh/twhh or gli1 and gli2 MO injections and following shh mRNA injections were scored using five embryos (three sections per embryo) and four embryos (three sections per embryo) for controls. The mitotic index was calculated by dividing the total number of mitotic cells (PH3-positive) by the total number of progenitor cells (Sox3C-positive) in the section or by the total number of DAPI-positive cells (for the shh overexpression experiment specifically).
Total cell count. Total cell counts were done in DAPI-labeled embryos (three embryos, three sections per embryo) at sequences: gli1 MO: 5′CCGACACACCCGCTACACCCACAGT 3′ (Karlstrom et al., 2003) ; gli2a MO: 5′ GGATGATGTAAAGTTCGT-CAGTTGC 3′ (Karlstrom et al., 2003) ; N-cad MO: 5′TCTGTATAAA-GAAACCGATAGAGTT-3′ (Lele et al., 2002) ; shh-2-MO: 5′-TGTCTAG-CAGGGTTTCTC GTTGTCG-3′ (Ekker and Larson, 2001) ; and twhh MO: 5′TTCCATGACGTTTGAATTATCTCTT-3′ (Nasevicius and Ekker, 2000) .
The specificity of all of these MOs has been previously tested, and we confirm here the morphological phenotypes associated with the loss of function of these genes (Nasevicius and Ekker, 2000; Ekker and Larson, 2001; Lele et al., 2002; Karlstrom et al., 2003) .
shh mRNA for injection was synthesized by linearizing shh plasmid (obtained from J. Du, Center of Marine Biotechnology, University of Maryland) with BamH1 and transcribing with T7 polymerase using mMESSAGE mMACHINE (Ambion. Austin, TX).
N-cad MO was injected at a concentration of 1 mg/ml; gli1, gli2, shh, and twhh MOs were injected at 2 mg/ml; and capped shh mRNA was injected at a concentration of 820 mg/ml.
EGTA treatment
Twenty som embryos were dechorionated and incubated with 20 mM EGTA in embryo medium for 30 min, washed three times in embryo medium without shaking, and fixed in 4% paraformaldehyde (PFA). The duration of the treatment was deliberately short to avoid extensive tissue damage.
Cyclopamine treatment
To disrupt Hh signaling, embryos were treated with cyclopamine (Lot No. BAC-116; LC Laboratories,Woburn, MA), a plant-derived alkaloid shown to block cellular response to Hh signaling (Chen et al., 2002) . Embryos were incubated in 150 μM cyclopamine with 1% ethyl alcohol (ETOH) beginning at the shield stage and fixed either at 16 som or 36 hpf. Control embryos were treated with 1% ETOH.
Embryos treated with cyclopamine exhibit partial cyclopia (a hallmark of reduced Shh signaling) and U-shaped somites. To verify the effectiveness of the treatment, embryos were labeled with a riboprobe for ptc1, a target of the Hh pathway. Our results indicate that embryos treated with cyclopamine have diminished expression of ptc1 (unpublished data), suggesting that the treatment is effective in abolishing Hh signaling.
Labeling and imaging of fixed preparations
Wholemount in situ hybridization was performed as described (Thisse et al., 1993) . To synthesize antisense digoxigenin RNA probes, gli1 and gli2a were linearized with BamH1 and transcribed with T7 polymerase, ptc1 was linearized with XbaI and transcribed with T3 polymerase, and shh was linearized with HindIII and transcribed with T7 polymerase.
Immunolabeling was done on floating sections or wholemounts, according to the Westerfield protocol (Westerfield, 2000) , with the modification that embryos to be labeled with anti-HuC antibody were boiled in 50 mM Tris, pH 8.0, for 30 min for antigen retrieval and were permeabilized in 0.2% phosphate-buffered saline Tween-20 for 30 min prior to immunolabeling.
Antibodies used on floating sections were as follows: mouse anti-β-catenin (BD Biosciences) at 1:200, rabbit-anti-aPKCζ (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:200, mouse anti-ZO-1 (Zymed Laboratories, South San Francisco, CA) at 1:200, mouseanti-Ace-Tub (Sigma, St. Louis, MO) at 1:200, and mouse-anti-γtubulin (Sigma) at 1:200. The following antibodies were used on whole mounts: mouse anti-HuC/HuD (Invitrogen, Carlsbad, CA) at 20 μg/ml, rabbit anti-Sox3C (a gift from M. Klymkowsky, Molecular, developmental stages ranging from 8 som to 60 hpf. A total of four frames per Z-stack were scored using Image J software.
Cell-cycle exit. The ratios of BrdU-and HuC-positive cells or BrdUpositive and Sox3C-negative cells to the total number of BrdUpositive cells in 40-μm-thick sections were quantified to evaluate cell-cycle exit rates in WT versus N-cad mutants. The larger the ratio, the faster the withdrawal from the cell cycle.
Cell-cycle length. The ratios of BrdU-and Sox3C-positive cells over the total number of Sox3C-positive cells in 40-μm-thick sections were quantified to estimate cell-cycle lengths in WT versus N-cad mutants. The larger the ratio, the longer the cell cycle is predicted to be.
Mitotic neurons. Mitotic neurons were scored in HuC-Kaede transgenic embryos that were labeled with anti-PH3. The total numbers of double-positive cells were counted in six embryos (three sections per embryo) at 24 hpf, three embryos (three sections per embryo) in N-cad MO-injected embryos at 48 hpf, and 15 embryos (three sections per embryo) at 48 hpf in N-cad p79emcf mutants. Mitotic neurons were also scored in embryos immunolabeled with anti-HuC and anti-PH3 at 48 hpf (five embryos, three sections per embryo).
Quantifications from different sections obtained from the same embryo were added to obtain total numbers per embryo. These values were used to determine the average, SD, and SE per genotype. The p value for statistical significance was obtained by logistic regression analysis using the SAS system (SAS Institute, Cary, NC)for mitotic indices; the Student's t test for total cell counts, cyclopamine treatment, cell-cycle exit, and cell-cycle length studies; and a contingency table for mitotic HuC-positive cells.
